Purpose-Effective interdisciplinary exchange of patient information is an essential component of safe, efficient, and patient-centered care in the intensive care unit (ICU). Frequent handoffs of patient care, high acuity of patient illness, and the increasing amount of available data complicate information exchange. Verbal communication can be affected by interruptions and time limitations. To supplement verbal communication, many ICUs rely on documentation in electronic health records (EHRs) to reduce errors of omission and information loss. The purpose of this study was to develop a model of EHR interdisciplinary information exchange of ICU common goals.
Introduction
Health care should be safe, effective, patient-centered, timely, efficient, and equitable. One of the most important factors to achieve this vision is the effective use of clinical information [1] . Effective communication of patient information in the intensive care unit (ICU) is essential due to the frequent handoff of patient care responsibilities between clinicians, high acuity of patients, complex technologies, complex therapeutic interventions, and the rapidly expanding tsunami of data contained in critical care patient health records [1] [2] [3] [4] . These factors combine to form a stressful environment in which individuals from different disciplines must work both autonomously and collaboratively to implement frequent goal-oriented changes for critically ill patients [5, 6] . However, clinical interactions mainly occur within professional disciplines [7] and during stressful situations interdisciplinary collaborations can break down whereby clinicians may retreat into discipline-specific silos [4, 8] . Several groups are tackling the problem of breaking down discipline-specific silos. A United Kingdom (UK) study concluded that improved understanding and utilization of scoring systems that identify trends in a patient's condition may result from an increased understanding of each others' roles and capabilities among ICU interdisciplinary team members [9] .
Information overload may be intensified by poorly designed electronic health records (EHRs). EHRs increase access to clinical information across disciplines and may improve evidence-based decision making; however, poorly designed systems may result in increased risk of patient harm [1] . For example, poor system design of EHRs may cause information overload, as clinicians search through an abundance of raw data with only minimal context [1] . Furthermore, while paper and electronic documentation are considered to be the formal record of common goals of patient care [10] , constant verbal communication is the predominant method used in the clinical setting to relay patient information and form common goals [11] . To take advantage of the ubiquitous information access and improved communication capabilities offered by EHRs, and to address the problem of communication breakdown, system processes may need to be redesigned [1] .
The analysis of communication traffic within clinical care may allow for the development of principles that guide the design and implementation of system processes to support various types of communication and information exchange [11] . Therefore, the purposes of this qualitative study were: 1) To categorize the types of communication and information activities that occur during interdisciplinary communication of ICU common goals in the context of EHR use, and 2) To develop a theoretical model of interdisciplinary information exchange of ICU common goals in the context of EHR use.
Background and Theoretical Frameworks
The health record is a channel of communication that provides information to multiple clinicians through the documentation of observations, clinical interviews, assessments, and
The integrated theoretical frameworks of Coiera's clinical communication space [11] and distributed cognition [14] allow us to better understand interdisciplinary communication and nurses' and physicians' goal-directed actions and interactions. Figure 1 shows the intersection of the distributed cognition and clinical communication space theoretical frameworks. The shaded boxes represent concepts from the distributed cognition framework. In contrast to traditional cognitive frameworks that only describe individual processes, the integration of these two frameworks encompasses artifacts (e.g., electronic and paper-based documentation), patterns of information flow at the individual level, and goal-directed actions and interactions within an activity system, such as a clinical unit [14] . The clinical communication space seeks to explain how individual tasks can be modeled along a communication-information continuum. This continuum posits that a task may be anticipated and represented using information tools (e.g., nursing flowsheet data) if common ground has been established amongst the individuals communicating about that task. Conversely, a task that is not easily anticipated or structured (e.g., an unexpected patient response to an intervention) requires communication tools (e.g., telephone or interactive messaging) if common ground has not yet been established amongst the individuals communicating about that task. The prior establishment of common ground is referred to as "pre-emptive grounding," and the need to establish common ground at the time of an interaction is referred to as "just-in-time grounding" [11] .
A distributed cognition analysis of an activity system (i.e., ICU) involves a user analysis, a functional analysis, a task analysis, and a representational analysis. User analysis characterizes the division of labor, overlap of knowledge and skills, and patterns of communication and social interaction which are essential elements for understanding the interactive functioning of the environment as a whole [15] . Functional analysis describes the domain knowledge and structure among individuals (i.e., clinicians) and artifacts (i.e., ICU interdisciplinary morning rounds and documentation). In this study, the functional analysis of the ICU activity system describes the domain knowledge (e.g., common ground established related to goals of patient care) that were discussed during ICU interdisciplinary morning rounds and documented by clinicians, and the structure of those discussions and documentation. Task analysis expands on the functional analysis to analyze the type of information exchanged among clinicians and to analyze the compatibility of information exchange between ICU interdisciplinary morning rounds and documentation. Representational analysis describes the most efficient representation of information to support effective information exchange among clinicians and documentation artifacts within the activity system [15] . Each task and its representation can be modeled using Coiera's communication-information continuum [11] , depending on the amount of common ground among the communicators, as either a structured task that requires an information tool or an unstructured task that requires a communication tool.
Methods
This study used ethnographic observation techniques, focus groups and interviews to identify and analyze goal-directed actions and interactions related to interdisciplinary communication of common goals (i.e., goals of patient care that are shared among members of the interdisciplinary care team) in the ICU. This study took place between November 2008 and May 2009 on an 18-bed neurovascular ICU (NICU) at a large urban teaching hospital that used a commercial EHR for nurse and physician documentation. Clinicians were observed during interdisciplinary ICU morning rounds (i.e., discussions of each patient's status and plan of care by the ICU team) from 7:30 am until 12 pm. During the observations the investigator recorded the clinicians' goal-directed actions and interactions via handwritten field notes, which were then transcribed into an electronic document. Focus group and interviews were held with ICU clinicians in which the participants were asked about interdisciplinary communication related to patient goals in the ICU. Member checks were conducted during the interviews to ensure accurate interpretation of the participants' words. Audio-recordings of the focus group and interviews were transcribed verbatim by a paid transcriptionist and were verified against the audio-recordings for accuracy. Data collection continued until data saturation was achieved [16] . ATLAS.ti™ (GmbH Berlin, Version 5.5.9) software was used for the analysis of the observational, interview, and focus group data. Institutional Review Board approval was obtained prior to data collection and informed consent was obtained from all participants. Data analysis and model development consisted of five steps: 1) Distributed cognition analysis (i.e., user, functional, task, representational), 2) Mapping Hazlehurst's six categories of information exchange [13] (referred to as Information Exchange Categories in this study) to the user, functional, task and representational analyses, 3) Analysis of the appropriate type of grounding (i.e., pre-emptive or just-in-time grounding) needed for each type of task and representation based on Information Exchange Categories, 4) Communicationinformation continuum analysis for each information exchange task based on the type of grounding needed, and, 5) Model development of EHR Interdisciplinary Information Exchange of ICU Common Goals based on data analysis.
Results
Registered nurses, attending physicians (equivalent to UK consultants), fellow physicians (post-medical residency sub-specialty trainees), resident physicians (equivalent to UK senior or junior house officers), pharmacists, medical students, and nursing students were observed during NICU interdisciplinary rounds for a total 59.5 hours over 16 days. One focus group of 8 NICU nurses and key informant interviews with 1 ICU nurse and 4 ICU residents were conducted. The focus group and each interview lasted approximately one hour. The presentation of the results is organized by: 1) User analysis and mapping to Information Exchange Categories; 2) Functional analyses and mapping to Information Exchange Categories; 3) Functional analysis: facilitators and barriers; 4) Task analysis and representational analysis and mapping to Information Exchange Categories; 5) Common ground and communication-information continuum analyses; 6) Model of EHR Interdisciplinary Information Exchange of ICU Common Goals.
User Analysis and Mapping to Information Exchange Categories
ICU nurses and physicians held a shared mental model of common goals and division of labor enabled tasks to be completed and a vast amount of information to be exchanged to ensure that patient care plans did not fall behind. Information exchange patterns among the clinicians fell into three main categories: 1) Planned verbal discussions that occurred multiple times per day during ICU rounds and handoffs, 2) Unplanned verbal discussions of expected and unexpected patient updates, and, 3) Information exchanged via the EHR (see Table I for mapping of user analysis to Information Exchange Categories).
The clinicians' shared mental model was demonstrated during the observations by their use of conversational grounding techniques [17] and a shared language with clinical-and ICUspecific abbreviations to "share goals about an expectation of a desired future state" [13] such as a patient's status and outcome. Unplanned verbal discussions happened "on the spot," and occurred within or between disciplines (e.g., nurses and physicians) to coordinate updates or to notify one another of information that may have been missed (for example, if a nurse was unable to attend interdisciplinary rounds due to immediate patient care responsibilities). These unplanned updates were, according to one resident, "dependent on the amount of effort exerted by--and the competency level of--the resident and the nurse, and the patient status." During both planned and unplanned discussions, clinicians were observed to exchange information in a manner consistent with all of Hazlehurst's Information Exchange Categories (see Table I ). Additionally, the EHR was used by nurses and physicians for information exchange to: 1) Direct an action (e.g., place orders electronically); 2) Share goals (e.g., plan of care documented in attending ICU note); and 3) Alert about abnormal or surprising information (e.g., abnormal laboratory values).
Functional Analysis and Mapping to Information Exchange Categories
During planned and unplanned verbal discussions, domain knowledge (e.g., nursing-specific knowledge or physician-specific knowledge) was exchanged during open discussions to solve problems and understand the patient's status. ICU rounds were structured such that the resident physician presented the patient's past medical history, diagnosis, treatments, laboratory and study results, clinical assessment and events during the prior 24 hours. After the resident's presentation, collaborative decision-making occurred among nurses and physicians to generate the goals for the next 24 or more hours, and these goals were then documented by the attending physician in the EHR. A brief example of this process was observed where a resident proposed a plan to switch a patient's antibiotic therapy. The patient's nurse stated: "No, I wouldn't want to make too many changes at once." To this, the attending physician replied, "Yes, I would wait."
Updates between disciplines were exchanged primarily through verbal discussions during and between rounds. One nurse explained: "whether or not some documentation is updated is variable, but [we try] to always verbally communicate the updates to each other." During ICU rounds, the nurses' verbal updates: 1) Conveyed a shared understanding to the team about unstable patients who had immediate needs requiring the attention of the interdisciplinary team; 2) Alerted the team about orders that needed to be entered into the computerized provider order entry (CPOE) system; and, 3) Summarized and explained rationales to the team regarding a patient's progress based on contextual information about the patient status for the evaluation of goals (see Table I ). For example, in one instance, a nurse interrupted rounds and stated to the attending physician: "You need to round on [see] Mr.___ next; his [neurological] exam is not good." In another case, the nurse explained a rationale about the patient's status that contextualized laboratory values, vital signs, and ultimately the plan of care, to the interdisciplinary team by explaining: "He is much more alert when he is hypertensive."
Functional Analysis: Facilitators and Barriers to Common Goals Coordination
The nurses stated that, if they were not present at rounds, they would piece together the plan and infer goals from their own assessment, the attending physician's note, the resident's signout, nurse's shift report, orders, and ICU standards "that we all know" (see Table II ). This perception of standards "that we all know" assumes that "sharing goals about an expectation" has already occurred through pre-emptive grounding obtained from clinical experience and the process of the ICU learning curve. Based on these standards, nurses and residents were expected to individually anticipate common goals and used their autonomy "to transition the activity system to a new state" [13] . For example, when the nurse deemed it clinically appropriate, he or she initiated weaning a patient's intravenous sedation or ventilator settings before rounds to allow for the ICU team to evaluate the patient's response to these interventions during rounds. Moreover, the ICU team expected that the nurse would initiate interventions and double-check orders, based on standards "that we all know", in order to, as one nurse stated, "move things along" before, during and after rounds.
The ICU involved in the study operated using a system of ad hoc updates (see Table II ). Besides planned verbal discussions, nurses and residents stated that there was not a good system in place to make sure that: 1) The nursing and the medical team's division of labor and directions of actions are in accord, 2) Alerts and updates are received, and 3) Problems are solved and progress is evaluated. The clinicians agreed that goals are "often only implied in a CPOE order…may be missed, forgotten or not prioritized as intended" and, especially for chronic patients, are often outdated (see Table II ). For example, during the observations the attending was not aware that a patient who had been on a ventilator for several days had been well enough for extubation for the past 24 hours. The clinicians' perceived that EHR information retrievalwas inefficient compared to verbal information exchange or paperbased notes (e.g., personal notes, to-do lists, and information printed from the EHR). These barriers indicated that the current structure of the EHR was not sufficient to meet every Information Exchange Category.
Task and Representational Analyses and Mapping to Information Exchange Categories
Ten interdisciplinary information exchange tasks were identified: 1) Interventions, 2) Explicit goals, 3) Implied goals, 4) Patient safety double-checks, 5) Vital signs, 6) Clinical findings, 7) Laboratory values, 8) Updates of events, 9) Evaluation of goals, and 10) Collaborative decision-making. Interventions, explicit goals, implied goals, clinical findings and updates of events each had multiple representations within electronic and paper-based documentation. In contrast, the information tasks vital signs, laboratory values and collaborative decision-making each had one representation. Patient safety double-checks and the evaluation of goals, as described by the clinicians during the focus group and interviews and noted during observations, were not represented in the electronic or paperbased documentation but were verbally exchanged. Table III identifies the mapping of these tasks and representations to Information Exchange Categories.
Common Ground and Communication-Information Continuum Analyses
Directing an action such as an intervention; sharing goals explicitly or implicitly; alerting about abnormal or surprising information such as vital signs, clinical findings, laboratory values, or updates of events; and explaining a rationale such as during the evaluation of goals, are all formal types of information exchange within the ICU and all of them require "pre-emptive grounding" [11] . Pre-emptive grounding was attained through a learning process in the ICU of obtaining clinical experience and knowledge of ICU standards "that we all know", which allowed for the interpretation of data obtained from information tools such as flowsheets.
There were also information exchange activities that require communication tools that allow for communicating individuals to establish common ground at the time of the interaction (i.e., just-in-time grounding) [11] . These types of information exchange were: 1) Patient safety double-checks for conveying shared understanding to ensure that an order was entered as intended by another individual, and 2) Collaborative decision-making to reason and solve problems and understand the current patient status.
Model of EHR Interdisciplinary Information Exchange of ICU Common Goals
The structure for representing vital signs and laboratory values was clear and consistent in the EHR. However, other communication and information tasks would benefit from modifying or adding communication and information channels to the EHR. Overall, there were three inadequate structures to represent information and communication in the ICU activity system: 1) Information and communication tasks that were not represented in the EHR (i.e., patient safety double checks, evaluation of goals), 2) Communication tasks that were represented in the EHR by only one discipline (i.e., collaborative decision-making on Attending ICU note), and 3) Information tasks that had multiple EHR and paper-based representations (i.e., interventions, explicit and implicit goals, clinical findings, and updates of events). The developed model in Figure 2 proposes solutions to the challenges of inadequate information exchange and representation of common goals information in the ICU. The model shows a cyclical process that includes six stages: 1) Collaborative decisionmaking, 2) Explicit common goals, 3) Double checks, 4) Interventions, 5) Assessments (vital signs, laboratory values, clinical findings), and 6) Evaluation of goals. This model supports the development of: 1) EHR information tools that synthesize and summarize updates and events related to explicit goal generation, implementation, assessment, and evaluation; and, 2) Communication tools that allow for clinicians to contextualize patient data and exchange domain specific knowledge for collaborative decision-making and patient safety double checks twenty-four hours per day (see Figure 2 ).
Discussion
This study integrated the theoretical frameworks of distributed cognition and the clinical communication space which was then used to analyze information exchange in the ICU, to map our analysis to Hazlehurst's Information Exchange Categories, and to determine the appropriate place on the communication-information continuum for each interdisciplinary information exchange task. These analyses informed the development of the model of EHR Interdisciplinary Information Exchange of ICU Common Goals.
This study found that the current structure and content of the EHR was observed and perceived by clinicians to be insufficient for the capture of interdisciplinary information exchange of common goals that occurred during and between ICU interdisciplinary morning rounds and this may have resulted in increased clinician reliance on verbal communication. Verbal communication allows for information exchange and decision-making to keep up with the continuously changing demands of ICU patient care and can be an appropriate medium for clinical information exchange. However, reliance on verbal discussions may lead to interruptions that require rescheduling, influence errors of omission, or influence a clinician's lack of recall [11, 12] . Interruptions, errors of omission, and information loss may be minimized by determining information exchange activities that are frequently met through verbal communication, yet, may be supported through information or communication tools. Moreover, electronic documentation that efficiently captures and represents clinical information as a process of patient care is consistent with the "meaningful use" aims of the U.S.'s Centers for Medicare & Medicare Services and the Office of the National Coordinator for Health Information Technology's and the UK's National Health Service's Care Record Service (NHS CRS) [1, 18] .
ICU care is a twenty-four-hour-a-day job, yet the clinicians who participated in this study indicated that formal structures for decision-making take place almost exclusively during the day shift. In general, fewer clinicians are present on ICUs at night, yet, patients are equally unstable [19] . The data suggests the need to support and capture the decision-making of night-shift clinicians to maintain continuity of information exchange. Communication and information tools that inform clinicians of decisions that were made throughout the day and allow for their input about decisions and changes made throughout the night may enhance continuity of care and minimize information loss. Shifting common ground between clinicians was found and may be dependent on the patient's clinical status (acute versus chronic patients) which may have important implications for the development of informatics tools to facilitate communication in the ICU [11] . An interesting concept of interdisciplinary collaboration to further investigate may be to understand clinicians' perceived responsibility to follow-up on decisions (e.g., patient safety double checks) that were made in the absence of one or more clinicians and are not clearly reflected in the EHR (e.g., goals implied in CPOE orders) to determine best practice recommendations to prevent information loss and increase patient safety.
Restrictions imposed by EHR structure have been shown to cause nurses to omit critical domain knowledge and contextual information necessary for the correct interpretation of structured data content [20] . We observed nurses' autonomy and decision making in action, yet found that those actions and decision-making were not reflected in the EHR. This lack of visibility of autonomous actions and decision-making may impede understanding of patient care processes and outcomes that make care more efficient, effective, and safe.
Furthermore, the presence of an authority gradient (e.g., hesitation to disagree with someone of perceived higher authority) is well documented in aviation and aerospace and was introduced in the Institute of Medicine report To Err is Human as a concept of concern in health care due to its role in contributing to potential medical errors [21, 22] . Mitchell and colleagues concluded that the health of individuals may be better served by modeling, for all clinical disciplines, an individualized patient-centered approach to documentation [23] . Future work should analyze the potential facilitating role that patient-centered EHR communication may have in relation to a clinician's expression of a dissenting view about a clinical decision due to a perceived authority gradient [21] .
The multiple representations of interventions, goals, clinical findings, and updates of events are useful for providing redundancy that ensures robustness and correctness in the functions performed by a system [24] . However, a functional system should enhance situational awareness due to the coordination demands of task work that create interactions that communicate situational information [24] . Therefore, a system that simply provides a "tsunami" of data without integration or synthesis may decrease situational awareness. This lack of situational awareness is akin to a lack of common ground which, according to the communication-information continuum, is not an appropriate setting for the use of information tools [11] . Synthesis and summarization of contextually relevant clinical output via information tools of goals generated, implementations, assessments, and evaluations may increase situational awareness and continuity of care. These information tools may be semistructured with the option to select pre-defined patient care goals or enter patient-tailored goals via free-text entry. Interactive and secure online messaging via communication tools accessed through ubiquitous computing technologies may minimize interruptions, information loss, and delays to patient care throughout the day and night [25] . Therefore, the appropriate implementation of these information and communication tools may support EHR data to flow as vibrantly and change as quickly as patient care activities and decisionmaking in the ICU (see Figure 2 ).
Limitations
The limitations of this study were the single ICU setting from which data were collected and the fact that observations were conducted only during the day shift. However, the triangulation of sixty hours of observational data with the saturated data from the nurse focus group and clinician interviews increases confidence in the discussed themes and conclusions drawn from this study. In addition, data identified in the analysis of interdisciplinary information exchange was consistent with Hazlehurst's distributed cognition analysis of clinical information exchange during cardiac surgery [13] . Therefore, the conclusions may be transferrable to interdisciplinary information exchange for critical care patients in large teaching hospitals that use a commercial EHR.
Conclusion
Current documentation tools in the NICU are not sufficient to capture the interdisciplinary coordination and verbal communication of goal-directed actions and interactions that occur during, and between, ICU interdisciplinary morning rounds. EHR documentation is often not up-to-date and is not efficient for clinicians to retrieve. These challenges result in a further reliance on verbal information exchange which may lead to interruptions, errors of omission, and information loss [11, 12] . However, collaborative decision-making was a frequent patient care activity that occurred between nurses and physicians in the form of planned and unplanned verbal information exchange. The model of EHR Interdisciplinary Information Exchange of ICU Common Goals posits that EHRs should support: 1) The explicit documentation of unified common patient goals, interventions, assessments, and evaluations with synthesized and summarized information outputs of events and updates; 2) Messaging tools that support the individualized patient-centered care processes of collaborative decision-making and patient safety double checks that currently occur between nurses and physicians in the absence of EHR support. Future work should include the continued development of models to support patient-centered collaborative decision making, goal generation, implementation, assessment and evaluation as new EHR technologies are introduced to the ICU. Future work should also support the development and use of information exchange models for EHR development, implementation, and evaluation.
Summary Table
What was already known on the topic • ICU Interdisciplinary information exchange is complex, but essential to safe and efficient patient care.
• Verbal communication is a frequent method of clinical information exchange, but is subject to information loss.
• Poor system design of EHRs may cause information overload.
What this study added to our knowledge
• The electronic health record (EHR) in the ICU is inefficient for information retrieval and not sufficient for collaborative decision-making.
• EHRs should support information tools for goal, intervention, and assessment documentation and messaging tools for collaborative decision-making and patient-safety communication. 
Model of EHR Interdisciplinary Information Exchange of ICU Common Goals

